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ABSTRACT 
Assimilation of oxygen, inorganic phosphate, and ammonia nitrogen by normal T2 
phage and "1"2  ghost-infected E. co//B was studied. The rate of oxygen and phosphorus 
uptake by ghost-infected  bacteria is  similar  to that of normal and phage-infected 
cells.  The R.Q. in  glucose-salts  medium  remains  approximately 1.  Assimilation  of 
ammonia nitrogen by ghost-infected  bacteria is maintained at a rate approximately 
80 per cent of normal. 
The inorganic  phosphate which is assimilated  was found to be incorporated into 
TCA-soluble  compounds  which  were  rapidly released  into  the  medium.  Within  5 
minutes after absorption of the ghosts there was a loss from the cell of TCA-soluble 
constituents including organic phosphorus  and compounds which absorb at 260 m#. 
No corresponding breakdown of nucleic acid present in the ceil prior to infection could 
be detected. The incorporation of inorganic  phosphate into organic linkages in the 
ghost-infected  cell and its release into the medium were found to proceed at a rate 
approaching that of the incorporation of inorganic phosphorus  into the nucleic acid 
of normal cells. The net increase  in 250 m#  absorbing  compounds appeared to be 
inhibited. 
INTRODUCTION 
Escherichia  coli B  in  the logarithmic phase of growth normally synthesize 
from three to five times as much ribonucleic acid (RNA) as deoxyribonucleic 
acid  (DNA)  (1, 2). However, it has been demonstrated  (3)  that upon infec- 
tion of these organisms with T2 bacteriophage, net RNA synthesis is almost 
completely blocked while DNA synthesis is greatly accelerated. Subsequently, 
it was observed (4, 6) that the protein part of the phage (the ghost), though 
incapable  of  replication,  was  still  able  to  inhibit  synthesis  of  host  nucleic 
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acid.  Further work (7,  8) has shown that this inhibition is directed primarily 
against  the formation of RNA.  Since the inhibition  of host nucleic acid syn- 
thesis is one of the important metabolic changes induced in the bacterial  cell 
as a  result of infection with the T2 virus or its protein coat, a  study was ini- 
tiated  to  identify  the  site  of  this  metabolic  block.  Since  this  work  was 
completed,  a  similar  study  (9)  has  appeared  which will be discussed  later  in 
the paper. 
Oxygen,  phosphorus,  and  nitrogen  assimilation  by  cells  must,  of  course, 
precede any nucleic acid synthesis. It was, therefore, in the general plan of the 
work to determine whether utilization of these primary elements was inhibited 
or in  some way altered  as  a  result  of  "infection"  of the  bacterial  cell  with 
ghosts.  1 
Experimental  Results 
Oxygen Consumption.--The following experimental procedure was used to measure 
the uptake of oxygen by normal, phage-, and ghost-infected E. coli B: Log phase cells 
were grown in the M-9 glucose-salts medium to a  concentration of 5  ×  l0  s per ml. 
These cells were pipetted into previously prepared Warburg vessels,  the final composi- 
tions of which are given below. 
Vessel  No.  Center COmlmrtment  Center well  Sidearm 
i ml. bacteria  +  1.6 ml. 
media 
1 ml. bacteria  +  1.6 ml. 
media 
1 ml. bacteria  +  1.6 ml. 
media 
t ml. bacteria  +  1.6 ml. 
media 
Thermobarometer 
0.2 ml. 2 1~ KOH 
0.2 ml. 2 1~ KOH 
0.2 ml. 2 N KOH 
0.2 ml. 2 u KOH 
O. 2 ml. media 
O. 2 ml. (3 phage per cell) 
O. 2 ml. (4 ghosts per cell) 
O. 2 ml. (8 ghosts per cell) 
As indicated, the multiplicity of phage infection was 3 and that of the ghosts, 4 and 8. 
Temperature  equilibration  (37°C)  was allowed to proceed for 15  minutes and  then 
normal respiration  was measured  for 30 minutes.  The concentration of cells  in  the 
vessels at this time was about 5 X  10  a per ml. The sidearms were tipped in and readings 
were taken at 10 minute intervals for 60 minutes. Aliquots were removed from dupli- 
cate vessels for viable cell counts at 0 and 5 minutes and for turbidity measurements 
at 30 minutes after the addition of the ghosts. At the end of the respiration measure- 
ments samples were also taken from the experimental flasks to determine  turbidity 
and viability and these results appear in Table I. 
a The term "infection with ghosts" is used in a sense analogous to "abortive  virus 
infection"  (10); that is,  an infective process that does not necessarily result in the 
production of new virus particles by the infected cell. I.  R.  LEHMAN  AND  ROGER  M.  HERR.IOTT  1069 
The results of the oxygen uptake determinations  are shown in Fig.  1 and 
Table II. A series of four more experiments gave results which were not qual- 
itatively different from those presented.  It would appear  then  that  the rate 
of oxygen consumption  by g.  coli  B, multiply infected with  ghosts,  is  not 
significantly different from that of the uninfected or phage-infected bacteria. 
French and Siminovitch (9, 11) have reported a marked inhibition of respira- 
tion  upon T2  ghost infection  of E.  coli.  They report  that  infection  with  a 
multiplicity of 4 ghosts per cell resulted in a decrease in oxygen consumption 
to 37 per cent of that observed with phage-infected cells. These workers used 
a  glucose-salts  medium in which the magnesium ion concentration is one-half 
that used in the experiments presented here. Barlow (12) has found that ghost- 
TABLE I 
Effect of Ghosts on  Viability of E. coli B 
Per cent lysed  de.  Cells/mL  Per cent killed*  crease in tutbi,l!ty)_ 
Time after 
adding 
ghosts  Ghosts/cell  Ghosts/ce  II  Ghosts/cell 
r~/n. 
o 
5 
30 
6o 
Untxeated 
control 
4.2  X  108 
1.2  X  10' 
4  8 
4.2  X  10  s  4.2  X  l0  s 
1.3  X  10s  1.6  X  107 
1.4  X  10  s  2.2  X  107 
4  8 
69  96 
68  95 
4  8 
12  36 
12  40 
* Unable to form colonies. 
induced lysis of E. coli is enhanced if the magnesium ion concentration of the 
medium is reduced. No measurements of lysis were given in the experiments 
reported by the Canadian  workers.  Hence, it is conceivable that  the marked 
decrease  in  oxygen  consumption  which  they  observed may  have  been  the 
result of lysis of a fraction of the ghost-infected cells. 
Respiratory Quotient.--It was next thought of interest to determine whether 
carbon dioxide evolution by the ghost-infected organisms  also proceeds nor- 
mally. If it does, this would imply that the major oxidative pathways of the 
cell are not disturbed as a result of the infective process.  As before, the cells 
were grown and infected in the glucose-salts  medium. Measurements of oxygen 
consumption and  C02 output were made for a  1 hour period. The results of 
this experiment, presented in Table III, show that infection of E. coli B with 
ghosts does not significantly alter the respiratory quotient normally observed 
when these cells oxidize glucose. 
Assimilation of Inorganic Phosphate.--The following experimental procedure 
was used to determine the relative uptake of inorganic  phosphate by normal, 
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E. coli B cells were grown to a concentration of 5  ×  10  s per ml. in the glucose-salts 
medium, washed twice in cold 0.9 per cent saline, and resuspended to a concentration 
of 2.5  ×  109 per ml. in synthetic medium containing 50 pg. of inorganic phosphate 
(P~) per ml. The suspension was then divided into three equal portions. To one was 
added an average of 5 ghosts per cell, to the second an average of 5 phage per cell, 
and the third remained uninfected. Initial samples were taken from each and chilled. 
102n 
COmlUmption-  E. Coli B 
Glucose-Synthetic  Medium 
J 
o 
o  N 
Z 
v  io  zQ  30  40  50  60  70  80  90' 
Time  (Minutes) 
Fzo. I.  Oxygen consumption of  normal, phage-, and ghost-infected  E. coli. 
The cultures were shaken at 37°C. for a I hour period. At the end of this time aliquots 
were again removed from  the flasks and  chilled. Viable cell counts  and  turbidity 
measurements were made as before. The samples were centrifuged at 3,000  X  g for 
15 minutes. Trichloroacetic acid (TCA) was added to the supernatant solutions to a 
final concentration of 2.5 per cent, and they were allowed to stand for 1 hour at 0°C. 
The precipitates which formed were centrifuged at 3,000  X  g for 15 minutes and the 
inorganic phosphate level of the supernatant fluids was determined. The uptake of 
Pi was taken to be the loss of P¢ from solution as determined on the supernatant fluids. 
The mean uptake per cell calculated for a series of seven experiments is presented in 
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These  experiments  show  that  just  as  in  the  case  of oxygen consumption, 
the  rate  of  inorganic  phosphate  assimilation by normal,  phage-,  and  ghost- 
infected cells is approximately the same  when  examined on  a  per cell basis. 
The somewhat  lower value obtained in the case of the ghost-infected organ- 
isms is probably not significant. 
TABLE II 
Oxygen Consumption by Normal, Phage-, and Ghost-Infected E. coli B 
System  g~  02  consumed per  cell  per  30  rain.  X  IOg* 
Uninfected .......................................  2.9 
3 phage per cell  ..................................  3.2 
4 ghosts per cell .................................  3.1 
8 ghosts pe~cell .................................  3.2 
* Calculated by means of the following relationshJ >: 
Total  ~M 02 consumed 
/~u O~/cell/30  rain. -- 
/~'X (l--L) 
in which/¢  ffi  No +  (Nt -  No)  ; for infected bacteria ~  ffi No. 
2 
No  ffi  Number of cells at beginning of measurements. 
Nt  ffi  number of cells at end of measurements. 
L  =  fraction of cells lysed. 
It was assumed that the drop in turbidity observed in the case of ghost-infected organisms 
represented lysis of the cells (5) and lysed cells are incapable of respiring. Experiments per- 
formed in connection with other work lend substantial support to this assumption (22). 
TABLE III 
Respiratory Quotient of Normal, Phage-, and Ghost-Infected E. coli 
Uninfected 
phage per cell 
5 ghosts per cell. 
System 
u~  Oi  consumed 
per  cell  per  50 
rain.  X  I0  ° 
2.7 
2.5 
2.7 
COs evolved 
per cell per 30 
rain. X 10  s 
3.0 
2.8 
2.9 
z.q. 
1.1 
1.1 
1.1 
Assimil~io~  of Ammonia.--The experimental procedures for the measurement of 
ammonia assismilation were similar to those used to determine uptake of inorganic 
phosphate. In these experiments, the cells were grown to a concentration of 5  ×  l0  s 
in glucose-salts medium, then resuspended to a concentration of 2.5  ×  10  g per ml. in 
synthetic medium containing 130 #g. N  (as NI-I4C1) per ml. The multiplicities of infec- 
tion were 5 phage and 5 ghosts per cell and the uptake of ammonia, as measured by its 
disappearance from  the medium, was determined after a  1 hour period. As before, 
the uptake per cell, per hour was calculated. The mean values obtained from a series 
of three experiments are given in Table V. 1072  PROTEIN COATS OR ~GHOSTS"  O]~ COLI PHAGE  T2. III 
These  data indicate  that  there  is  some inhibition  (approximately 20  per 
cent) in the rate of ammonia nitrogen assimilation by ghost-infected E. coli 
B  as compared with that of normal cells. 
Distribution of Phosphorus Taken Up by Ghost-Infected Cells.--In  considering 
the fate of the phosphorus taken up by the ghost-infected cell several alterna- 
tives are apparent.  (1)  P~ is taken up by the cell, is not further metabolized, 
and accumulates intracellularly as such.  (2)  The P+ taken up is transformed 
into  organic  phosphorus  compounds which  accumulate  in  the  TCA-soluble 
fraction of the cell. (3) The assimilated P/is converted into organic phosphate 
TABLE  IV 
Assimilation  of Inorganic Phosphate by Normal, Phage-, and Ghost-Infected E. roll 
Syst__~ 
Uninfected  .......................................  I 
Phage-infected  ....................................  ] 
Ghost-infected  ....................................  [ 
ug Pi taken up per ceU per hr. X  I0  ° 
4.1  ±  0.2 
4.2  ±  0.2 
3.8  ±  0.4 
TABLE  V 
Assimilation  of Ammonia N  by Normal, Phage-, and Ghost-Infected E, coli B 
System  t~g. N  consumed  per cell per hr. X  I0  s 
Uninfected ......................................  2.6  -4-  0.1 
Phage-infected ...................................  2.2  4-  0.2 
Ghost-infected ...................................  2.0  ±  0.1 
compounds which are not retained within the cell but are discharged back into 
the medium in this form.  (4)  There is a  rapid synthesis and breakdown of 
nucleic acid with no net synthesis. The breakdown products  (TCA-soluble) 
are either retained by the cell or released into the medium. 
Preliminary  experiments  indicated  that  following  ghost  infection  TCA- 
soluble,  organic phosphorus  compounds appeared  in  the growth medium of 
the cells. Very little such phosphorus was found in the medium of uninfected 
bacteria.  In  order  to  determine the origin of  this phosphorus  and  examine 
the phenomenon quantitatively, a  series  of phosphorus balance studies were 
undertaken.  These revealed  that  the organically bound phosphorus  had  its 
origin in the inorganic phosphate of the medium. Leakage of 260 mp absorbing 
materials and phosphorus compounds from infected bacteria has been reported 
by Price (24),  Prater (13),  and by Puck and Lee (14). 
Phosphorus Balance Study.--E. coli B were prepared  as described previously and 
resuspended at a concentration of 2.5 X 109 per ml. in synthetic medium in which the 
phosphate  concentration was reduced to 30 pg. per ml. This suspension was infected I.  R.  LF.W~AN  AND  ROGER  M.  HERRIOTT  1073 
with an average of 6 ghosts per cell  2 and allowed to shake at 37°C. Samples (50 ml.) 
were removed at 0, 5, 15, and 35 minutes after infection and chilled. Turbidity was 
measured at these times. Viable cell counts were made at 0, 5, and 30 minutes after 
infection. The samples were then processed according to the scheme shown in Fig. 2. 
The results of a  typical balance study, which appear  in Table  VI,  make 
the following points clear.  (1)  Inorganic phosphate does not pile up  within 
the infected ceils  as such.  (2)  There is no accumulation of TCA-soluble, or- 
ganically  bound  phosphorus  within  the  cell.  (3)  Within  5  minutes  after 
infection there is a loss from the cell of about 75 per cent of the TCA-soluble, 
Cell  s~9~ 
Centrifuged 3000 X  # 
15 min.--O°C. 
] 
I  I 
Supernate  Residue (cetls) 
Brought to 2.5  per cent TCA  Extracted twice with 5 per cent 
0°C.--1  hr.  TCA--0°C. 
Centrifuged 3000 ×  g, 15 rain.  Centrifuged 3000 X  g--15 rain. 
I  [ 
I  3  I  I 
Su~rnate  Residue  Su/~ernatant  Residue 
Determine P  and  Extracted with  Acid-soluble  fraction of  Extracted with 
total P  (total P  --  $ per cent  cells--determine Pi  5 per cent TCA-- 
Pi =  organic P)  TCA--100°C.  and total P  (total P  100  ° C.--15 rain. 
--IS rain.  -- Pi -- organic P) 
I  I  I  I 
Residue  $ul~ernataml  Residue  .Sup~na~ant 
Nucleic acid P--  Dissolved in 0.2 ~  Nucleic acid P-- 
determine total  NaOH, non-nucleic  determine  total 
P  acid P--deter-  P 
mine total P 
Fro. 2. Fractionation procedure  for phosphorus  balance study. 
organic phosphorus initially present.  (4)  There  is,  in addition  to  the phos- 
phorus released in the first 5 minutes, a  rapid extracellular accumulation of 
small molecular organic phosphates. (5)  There is no detectable loss of nucleic 
acid  phosphorus  from  the  system,  although  a  small  but  significant TCA- 
insoluble  phosphorus  fraction  does  accumulate  in  the  medium.  This  could 
stem from a  few lysed cells  or represent  the release noted in phage-infected 
cells  (24,  12,  13).  (6)  Between  15  and 30 minutes after infection there is a 
net increase in nucleic acid phosphorus in the system. 
One  may  suggest,  therefore,  that  the  TCA-soluble,  organic  phosphorus 
appearing in the medium has its origin in any or all of three sources: (1)  the 
P~ taken up by the cell from the medium, (2)  the TCA-soluble, organic phos- 
phorus of the cell,  (3)  the nucleic acid of the cell. The last named possibility 
A rather high multiplicity of ghost infection was used since the efficiency  of ghost 
inactivation of E. coli in the low phosphate  medium seemed to be somewhat lower 
than in the conventional M-9 medium. 1074  PROTEIN  COATS  OR  CtGHOSTS')  O]~  COLI  PHAGE  T2.  III 
appears unlikely  unless  there  is  a  very rapid  turnover  of  the  nucleic  acid, 
since the total acid-soluble organic phosphorus in the medium at 35 minutes 
after infection  represents  about 30  per  cent  of  the  total  nucleic  acid  phos- 
phorus  initially  present.  The  precision  of  the  phosphorus  determination  is 
=t= 5 per cent and one would have expected a 30 per cent decrease in the nucleic 
acid phosphorus to be detected  readily.  Hence tentatively,  this localizes the 
TABLE VI 
Phosphorus Balance--Ghost-Inf~t~  H. ¢oli B 
TCA-insoluble fra~lions* 
I  II 
Time 
mm. 
o 
5 
15 
35 
Turbidity~ 
0.620 
0.570 
0.565 
Nucleic acid P 
in cells 
970 
944 
930 
970 
Nucleic acid P 
in medium 
0 
22 
36 
68 
Total I and II§ 
970 
966 
966 
1038 
Non-nucleic 
acid P 
65 
63 
60 
65 
TCA-soluble fractions 
Cells  Medium 
"I1me 
PC  Organic  P  Organic P 
m/n. 
0 
5 
15 
35 
92 
60 
60 
65 
100 
24 
39 
52 
0 
120 
190 
260 
* All values--micrograms per 1.25 X  10  n cells. 
72 per cent of the ghost-infected cells were not able to form colonies; i.e., were "killed." 
§ The increase in nucleic acid P for the uninfected bacteria for the 0 to 15 minute interval 
was 159 ~g. 
origin of this organic phosphorus as the TCA-soluble pool of the cell and/or 
the  inorganic  phosphate  of  the  medium.  Both  are  probably  sources  since 
neither alone is sufficient in quantity to account for the total. 
A rigorous examination of the origin of the extracellular organic phosphorus 
called for the use of radioactive tracers. Two types of experiments were per- 
formed.  The first  involved the  use  of unlabeUed  cells  infected  in  a  growth 
medium  labelled  with  PS.  The  second  consisted  of  ghost  infection  of  PS- 
labelled cells in an unlabelled medium. 
t~-Lsbeled Medium.--E.  coli B cells were prepared as in the previous experiment 
and suspended  in synthetic medium confining 50/~g. of inorganic phosphorus per ml. I.  R.  LEHMAN  AND  ROGER  M.  HE~R.IOTT  1075 
Inorganic P~ (P,~)  was added to a  specific activity of approximately 1000 counts 
per minute (c.P.~.) per #g. of phosphorus.  The suspension was immediately infected 
with an average of 6 ghosts  per cell and allowed to shake  at 37°C. Samples  were 
withdrawn from the reaction flask at 0, 5, 15, and 30 minute intervals after infection 
and chIlled. 
Viable cell and turbidity measurements  were made as usual. A control experiment 
in which  the cells were not infected  was performed in exactly the same  way.  The 
samples were processed as shown in Fig.  2. The inorganic phosphorus  of the TCA- 
soluble fractions was removed by the addition of Mg  ++ and NH,OH. This was then 
followed by the measurement of the P~, total P, and radioactivity. 
tin-Labeled Cells.--Synthetic medium containing 50 #g. Pi per ml. was labelled with 
P~ to a  specific activity of 500 c.P.~,  per microgram  of P~. The medium  was then 
inoculated with a washed culture of E. coli B to give a final concentration of about 2.5 
X l0  T  cells per ml. This culture was grown to 5 X 10  a per ml. The cells were harvested, 
washed many times with cold 0.9 per cent saline until the radioactivity of the washing 
was negligible, and then resuspended  to a concentration of 2.5  ×  10' cells per ml. in 
unlabelled  synthetic medium containing 50/~g. of Pi per ml. The bacteria were then 
infected with a multiplicity of 6 ghosts per cell and the remainder of the experiment 
was carried out exactly as in the previous experiment. 
The results of the tracer experiments appear in Table VII.  They may be 
summarized as follows: In the experiment in which the medium was labelled, 
the appearance of extracellulax TCA-soluble organic phosphorus (as measured 
by phosphorus analysis) was accompanied by a  rapid increase in the level of 
radioactivity in this fraction. In the converse experiment (labelled bacteria) 
there was an immediate release of both organic phosphorus and radioactivity 
which corresponded to the loss of acid-soluble orgaaic phosphorus from the 
cells. However, in this case, the label of extracellular P~ remained relatively 
constant  while  the  concentration  of  organically  bound  phosphorus  rose 
steadily.' These changes  observed in  the ghost-infected system are in sharp 
contrast to those in the uninfected cells from which only a  small amount of 
organic phosphorus and radioactivity is released into the medium. Here the 
greater part  of the  inorganic phosphorus  assimilated  by the cell appears  in 
the RNA. 
These  experiments  indicate  that  a  large  proportion  of  the  TCA-soluble 
organic phosphorus found in the medium has its origin in the inorganic phos- 
phorus  assimilated  by  the  cell  after  infection  with  ghosts.  Most  of  the 
remainder,  particularly  that  appearing  within  the  first 5  minutes  following 
infection, is derived from the add-soluble pool of the cell. 
The possibility exists that these results might have been due to extracellular 
exchange between the inorganic phosphorus of the medium and any released, 
' The small increase in radioactivity in the TCA-soluble organic phosphorus  of the 
medium during the 15 to 30 minute interval following infection may have been the 
result of lysis of some of the cells with subsequent hydrolysis of the labelled nucleic 
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organically  bound  phosphorus.  This  alternative  was  at  least  partially  elim- 
in&ted by the finding (Table VII) that there is a rapid intracellular  accumula- 
tion  of  radioactivity  in  the  acid-soluble  phosphorus  of  the  infected  cell. 
However, evidence of a  more direct nature was obtained from an experiment 
in which  an attempt  was made  to detect  an exchange-catalyzing enzyme in 
the medium following ghost infection.  If such an enzyme or enzyme complex 
TABLE VII 
Radioactive Tracer S~udies of Ghost-Infected E.  coli B 
Ghostdnfected*  Uninfected 
Time 
Mter  [  /AS. TCA- 
infec-  ~g. organiclc.P~.permL  c.P.x, per  soluble  c.P.K,  per  t,g. organic  C.P.M.  per  c.P.~,.gger 
tion  P  per ml. [  Organic  ~.  Organic  organic P  ml. Or- 
of medium P ofmedimm  of medium  ganic P  Pofmedium  ~re~Lof  t~ofOrgc~gC  Pperml.  t~g.[Organic  of  medium  P of medium 
Experiment I. PaLlabded raediura 
m/.. 
0 
5 
15 
30 
0 
2.3 
3.1 
3.8 
o~ 
865 
1510 
1940 
0 
376§ 
487 
510 
1.8 
0.4 
0.5 
0.6 
4 
243 
454 
454 
0 
0.1 
0.2 
0.5 
0 
82 
168 
394 
0 
82011 
84O 
788 
Experiment lI. PS2-1abdedcdls 
0  0  0  0 
5  1.9  509  268¶ 
15  2.9  555  191 
30  3.8  649  170 
* 77 per cent of the ghost-infected ceUs were killed. 
Corrected  for unprecipitated  radioactivity--70 C.P.M. (spread  in 3 experiments  74 to 
110 c.v.m per ml.). 
§ Specific activity of phosphorus in medium--976 c.v.~, per #g. P. 
I[ Specific activity of phosphorus in medium--1040  c.v.g, per t~g. P. 
¶ Specific activity of phosphorus of cells--454 c.v.M, per #g. P. 
were present, the addition of P,~ to the medium removal of the ghost-infected 
cells might be expected to result in the incorporation of the radioactive label 
into  the  organic  phosphorus  which  is  present.  The  following  experimental 
procedure was used. 
E. coZl B cells were prepared in the usual manner and infected with an average of 6 
ghosts per cell. At 15 minutes after infection the suspension was chilled  and the cells 
removed by centrifugation. Inorganic pn was then added to the supernatant solution 
to give a final specific activity of 1000 c.v.x¢, per rag. Pi. An initial sample was im- 
mediately withdrawn.  The solution was  then  brought to 370C.  and  shaken  for  15 
minutes  after  which  a  second  aliquot  was  withdrawn  and  chilled.  These  samples I.  R,  LEI~CAN  AND  ROGER  M,  I:r~.R_-R.IOTT  1077 
were treated first with TCA, then with Mg  ++ and NH4OH, and the TCA-soluble 
organic  phosphorus  fractions  were  analyzed for Pi,  total  phosphorus,  and  radio- 
activity. 
The results of this experiment, which appear in Table VIII, show that there 
was no detectable exchange of P~ between the inorganic and organic phos- 
phorus fractions of the medium following ghost infection. 
Balance Study of 260 ml~ Absorbancy.--Prellrnlnary  experiments had indi- 
cated that just as in the case of organic phosphorus there was a rapid accumu- 
lation in  the  medium,  following ghost infection, of acid-soluble compounds 
exhibiting an absorption maximum around 260 mg. It was of interest to deter- 
mine  whether  the  extracellular  appearance  of  these  materials  followed the 
TABLE  VIH 
Atter~pged Measurement of ps¢ Exchange 
Cell-free system  Complete system 
Time 
m/s. 
o 
15 
/~g. organic P per  c.P.z[, per ml. 
mL of medium  Organic P --°f medium 
3.4  I  73 
3.4  87 
/~g. organic P per 
mi. of medium 
147s  
0 
3.1 
ame kinetic pattern as the phospho-compounds. If it did, this might suggest 
an association, hence an aid in their identification. A  balance study similar 
to  that described for the phosphorus was performed.  In  this case  the cells 
which  had  been  grown  to  5  ×  l0  s  per  ml.  were  resuspended  to  a  final 
concentration of 2.5  ×  los per ml. in the M-9 glucose-synthetic medium and 
infected with a  multiplicity of 4 ghosts per cell. The samples were processed 
as shown in Fig. 2.  The optical density of 260 rest of the fractions was then 
determined. From the data shown in Table IX it can be seen that the results 
of  this  experiment  qualitatively parallel  those  obtained  in  the  phosphorus 
balance studies.  ~ They are similar in the following respects:  (1)  There is an 
accumulation of TCA-soluble, 260 mt~ absorbancy in the medium; (2)  imme- 
diately after infection there is a  rapid loss of 260  mg absorbancy from the 
acid-soluble pool of the cell; (3) there is no detectable loss of 260 m/t absorbancy 
from the nucleic acid of the system. 
4 Similar studies have indicated that pentose, as measured by the orcinol procedure 
(23), follows a pattern similar to that of both the phosphorus and 260 mg absorbancy. 
Ghost infection of E. coli B results in a rapid loss of TCA-soluble pentose from the 
cell, which is complete within 5 minutes after adsorption of the ghosts. This is accom- 
panied by the simultaneous appearance of pentose in the growth medium. Very little 
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If the  mounts  of organic  phosphorus  and  260  m/~ absorbancy appearing 
in the medium in the first 15 minute intervaP following ghost infection  (cor- 
rected for the contribution from the acid-soluble pool of the cell) are compared 
with the incorporation in  the uninfected  (normal)  system, a  value of 70 per 
cent  of normal  is  obtained  for the phosphorus  and  25  per  cent  for the  260 
m/~  absorbancy.  It  appears,  therefore,  that  the  synthesis  of  organic  phos- 
phates  in the ghost-infected cell  approaches that  observed in the normal or 
uninfected system. The increase in 260 m/~ absorbancy, however, appears to 
be inhibited markedly as a  result of ghost infection. This supports the earlier 
TABLE IX 
Balance Study of 260 mt~ Absorbancy in Ghost-Infected E. coli B 
TCA-insoluble fractions  TCA-soluble fractions 
Time after 
infection  Turbidity of  Total I 
cell suspension  and II~  Cells  Medium 
m/-. 
0 
5 
15 
35 
0.540 
0.500§ 
0.470 
0.470 
I  II 
Nucleic acid*  Nucleic acid 
in cells  in medium 
5.28  0.00 
5.22  0.02 
4.87  0.36 
4.87  1.00 
5.28 
5.24 
5.23 
5.87 
0.530 
0.250 
0.295 
0.315 
0.110 
0.550 
0.684 
0.910 
All values--E 21c~.,.a~m,,  per ml. (2.5 X  10 ° cells per ml.). 
~: The net increase in 260 m~ aborbancy in the uninfected bacteria was 1.2 per ml. of ceils 
in the 0 to 15 minute interval. 
§ 70 per cent of the ghost-infected cells were killed. 
observation (4)  that the synthesis of 260 m/~ absorbing materials in glucose- 
grown cells is sharply reduced by ghosts. 
Exploratory  paper  chromatograms  and  ultraviolet  absorption  spectra  of 
these esterified phosphates in the medium revealed the presence of adenylate, 
cytodylate, and non-absorbing pentose phosphate but no guanylate or uridyl- 
ate. 
Ma2erials 
Baaeria.--The organism used throughout this work was Escherichia cdi B. It was 
indistinguishable  from that supplied  by the American Type Culture Collection.  The 
stocks were maintained on nutrient agax slants and transfers from the stock organisms 
were made weekly. The standard procedure for preparations of liquid cultures was as 
follows: A loopful (0.005 ml.) of bacteria taken from a slant was added to a sterile 
6 The first 15 minute interval after infection  was chosen for evaluation since there 
was no detectable net increase  in nucleic acid in the infected  cells during this time. 
The major changes  are therefore reflected  in the acid-soluble  fractions (see Tables 
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culture tube (22  X  175 ram.) containing 10 ml. of the medium to be used. This was 
mixed thoroughly and 0.2 ml. was added to 10 ml. of medium in a second tube. The 
cultures were shaken for about 15 hours at 37°C. and usually grew to approximately 
3  ×  109 cells per ml. The second tube was then used for inoculation. The standard 
inocuhm was 2 ml. per 100 ml. of fresh medium. Such a  culture usually reaz_hed a 
concentration of 5  X  10  s cells within 3 hours when shaken at 37°C. 
Virus.--The virus used was the T2r  + (wild type). It was prepared as routine in this 
laboratory by a method described elsewhere (15). 
Ghosts.--T2 phage was  concentrated  to  approximately 2  ×  10  ~  plaque-forming 
units per ml. and subjected to the osmotic shock method  (5). The ghost suspension 
containing about 1 per cent of the original infectivity was then purified as follows:- 
The preparation was treated with  1 #g. per ml. of once crystallized desoxyribo- 
nudease  (Worthington Biochemical Corporation) in the presence of magnesium ion 
and allowed to stand at 4°C. until the viscosity was about that of water. This solution 
was then centrifuged at 11,000  X  g for 1 hour and the supematant fluid was carefully 
drawn off. The residue was discarded. By this process between 50 and 75 per cent of 
the ghosts were lost; however, the active virus concentration dropped to less than 0.01 
per cent of the ghost lytic titer. 
Media.--The glucose-salts synthetic medium is the modified M-9 medium described 
elsewhere (15). In the experiments in which ammonia assimilation was studied the M-9 
medium was used with the exception that the concentration of NH4C1 was reduced to 
approximately one-half that normally present. 
The low phosphate synthetic medium was made up as follows: Five sterile stock 
solutions were prepared. 
Solution I--2 per cent (w/v) MgSO4 
5 per cent (w/v) NaCI 
10 per cent (w/v) NH4C1 
2 xr maleic buffer, pH 6.8 
2.2 at KC1 
0.15 at orthophosphate 
40 per cent glucose 
To 940 ml. of sterile water were added 10 ml. of solution I, 30 ml. of maleic buffer, 
l0 ml. of KC1, and 10 ml. of the sterile 40 per cent glucose solution. The phosphate 
was  added  to  whatever concentration was desired. No  major differences could  be 
detected in the response of the bacteria to ghost infection in the three types of syn- 
thetic media employed. 
Pkosphoru~.--The  radioactive phosphorus  used  in  these  experiments  was  ob- 
tained from the Oak Ridge National Laboratory. The solutions were heated as routine 
in 1 N HC1 for 15 minutes at 100°C.  to convert any pyrophosphate to orthophosphate, 
then neutralized. 
Methods 
Bacterial Counts.--The size of the total cell population (viable plus non-viable) in a 
liquid culture was estimated by measuring the optical density (turbidity) of the culture 
in a  Coleman Jr. spectrophotometer set at 550 In#. This value was compared with a 1080  PROTEIN  COATS  OR  cCGHOSTS'~ O1  ~  COLI  PHAGE  T2.  III 
calibration curve relating optical density to the actual number of cells as determined 
by microscopic count (15). 
The viable cell population was determined by the conventional plate count method. 
The precision of this technique was found to be ±15 per cent. 
Infectious Phage T/ter.--This  was  measured  by  the  plaque  count method  (16). 
The dilution multiplied by the number of plaques represents the virus tater. 
Ghost Titer.--This  was estimated by the lytic method (15). 
Respiration.--Measurements of oxygen consumption and COs evolution were made 
at 37°C. using the conventional Warburg apparatus. 
Total and Inorganic Phosphorus.--This is  the method  King  (17).  The technique 
was  standardized  with  a  National  Bureau  of  Standards  sample  of KH~P04.  The 
precision of the determination was ±3 per cent. 
Ammonia Nitrogen.--The  ammonia was released from solution by the addition of 
alkali and aerated into dilute (0.04 s) H~SO4. It was then determined with Nessler's 
reagent. The precision of the method was ±5 per cent. 
Radioactivity Measurements.--Measurements of radioactivity were made by means 
of a Geiger-Miiller end-window counter. The precision of the counting technique was 
found to be ±5 per cent. The geometry of the system was such at 1 millicurie  gave 
5  ×  108 c.1,.M., which represents  an efficiency  of 23 per cent.  Serial  dilutions  of a 
standard sample revealed a linear relationship between ps~ concentration and counts. 
In all cases a total of at least 1000 counts was recorded for each sample. 
Separation of Inorganic and Organic Phosphorus.--The  procedure for separating 
inorganic P from organically bound phosphorus was similar to that used by Mitchell 
and Moyle (18). To 8 ml. of the TCA-soluble supernatant solution were added 0.16 ml. 
of 5 per cent MgCI~ .5 H~O and 0.21 ml. of concentrated (15 N) NH4OH. The inorganic 
phosphate  was  allowed  to  precipitate  as  the  magnesium  ammonium  phosphate 
complex during about  15 hours at 4°C. 6 The suspension  was then filtered  through 
a  sintered glass funnel and the precipitate was washed twice with 2 ml. portions of 
15 N NH4OH. The supernatant solution and washings were combined and brought to 
a total volume of 15 ml. with distilled  water. This represented the TCA-soluble organic 
phosphorus fraction. Control experiments showed that contamination of the organic 
phosphorus fraction with inorganic phosphate was less than 0.2 per cent. 
Measurements  of ultraviolet  absorption  were made  in  the Beckman  model DU 
spectrophotometer using 1 cm. silica cells and standardized as noted elsewhere  (5). 
DISCUSSION 
The data presented  in these experiments  suggest that the inhibitory action 
of the ghost is specific rather than general.  Thus, in a  system in which 70 to 
90 per cent of the  cells  are unable  to form colonies (but not lysed)  the proc- 
esses  of oxygen and phosphorus  assimilation  proceed  as  closely  as  could  be 
determined  at  a  rate  characteristic  of normal  cells.  The uptake  of ammonia 
nitrogen  appears  to be somewhat reduced. 
One  of  the  problems  raised  by  those  observations  is  the  metabolic  fate 
6 In those cases in which the Pi concentration was rather low, as in the TCA-soluble 
fraction of the cells, carrier Pi was added to facilitate precipitation. I.  R.  LE.~r~AN  AND  ROGER  M.  HERRIOTT  1081 
of  the  assimilated  phosphorus.  Since  ribonucleic  acid,  which  is  the  major 
phosphorus-containing  fraction  of the cell,  is markedly inhibited,  this  phos- 
phorus  may  then  accumulate  in  some  other  form--perhaps  precursors  of 
RNA. In the phage-infected cell the total assimilated phosphorus is diverted 
into DNA synthesis, but there appears to be no such shift in ghost-infected 
cells.  The experiments reported in the present paper have shown that  much 
of  the  inorganic  phosphorus  taken  up  by  the  ghost-infected  bacterium  is 
bound in an organic linkage within  the cell,  then promptly discharged back 
into  the medium.  This  suggests that  organic  phosphorus  compounds can be 
synthesized in  the cell  but do not reach  an  acid-insoluble  stage.  Moreover, 
the  bacterial  membrane  appears  to  have  become  so  modified  that  these 
phospho-compounds, as well  as most of the ones present in  the cell prior to 
infection,  are  no  longer  retained  within  the  cell  proper.  The  extracellular 
appearance  of  acid-soluble,  260  m#  absorbancy  qualitatively  follows  the 
pattern  observed for  the  organic  phosphorus.  A  quantitative  evaluation  of 
the  data  reveals  that  while  the  amount  of inorganic  phosphorus  bound  in 
organic linkages by the ghost-infected cell is relatively normal,  the net increase 
in 260 m/~ absorbing compounds is markedly reduced. This would indicate a 
major aberration in the synthesis of all or some of the nucleic acid bases. 
The  phenomenon  of permeability change  with  the consequent loss  of es- 
sential substrates and cofactors from the internal  environment of the cell has 
been invoked by a  number of investigators to explain the bactericidal effect 
of  such  detergents  and  detergent-like  antibiotics  as  cetyl  trimethyl  ammo- 
nium bromide (19),  tyrocidin (20),  and polymixin (21).  It should be pointed 
out  that  these  authors  used  resting  cell  suspensions  in  their  experiments. 
Hence, it could not be determined whether synthesis of nucleic acid was also 
blocked as a result of treatment with those agents. The permeability change 
resulting  from  ghost  infection  is  probably  not  the  primary  cause  of  the 
inhibition of nucleic acid formation and the consequent death of the bacterium. 
In  this  case,  the  inhibition  seems  to  be  mainly  at  the  level  of  purine 
and pyrhnidine synthesis. 
The finding  that the net increase in 260 mtz absorbancy is greatly reduced 
while  the  synthesis  of  organic  phosphorus  is  normal,  would  indicate  that 
some of this phosphorus must be present in compounds which do not absorb 
in  the ultraviolet.  The  exact nature  of these compounds as well as the one 
showing absorbancy at  260  m~ must  be determined  if the metabolic block 
in RNA synthesis is to be understood. 
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